Objective: The purpose of this study was to estimate the feasibility and accuracy of mesio-distal width measurements with magnetic resonance imaging (MRI) in comparison to conventional 3D imaging techniques [multi-slice CT (MSCT), cone-beam CT (CBCT), and µCT]. The measured values of the tooth widths were compared to each other to estimate the amount of radiation necessary to enable orthodontic diagnostics. Material and Methods: Two pig skulls were measured with MSCT, CBCT, µCT, and MRI. Three different judges were asked to determine the mesio-distal tooth width of 14 teeth in 2D tomographic images and in 3D segmented images via a virtual ruler in every imaging dataset. Results: Approximately 19% (27/140) of all test points in 2D tomographic slice images and 12% (17/140) of the test points in 3D segmented images showed a significant difference (P ≤ 0.05). The largest significant difference was 1.6 mm (P < 0.001). There were fewer significant differences in the measurement of the tooth germs than in erupted teeth. Conclusions: Measurement of tooth width by MRI seems to be clinically equivalent to the conventional techniques (CBCT and MSCT). Tooth germs are better illustrated than erupted teeth on MRI. Three-dimensional segmented images offer only a slight advantage over 2D tomographic slice images. MRI, which avoids radiation, is particularly appealing in adolescents if these data can be corroborated in further studies.
Introduction
The measurement of distances is an important part of orthodontic diagnostics. Particularly, knowledge of the mesio-distal width of teeth is fundamental. This determination can be made conventionally Measuring tooth width with multi-slice CT/ conebeam CT Therefore the measurement of the mesio-distal tooth width via 3D imaging techniques is important to calculate the correct space. Hofmann et al. (2) showed that the volumetric data from a multislice CT (MSCT) system provides highly accurate information on the mesio-distal width of displaced canines.
Radiation exposure
Despite the significance of the acquisition of this information, radiation exposure is a major disadvantage. Depending on the specific study, the effective dose of cone-beam CT (CBCT) is usually reported to be approximately 50-100 µSv (3-7) and that of low-dose MSCT approximately 500 µSv (8) . However, the trend of radiation exposure is more dependent on the type of machine used and the parameters set than the use of CBCT or MSCT (9) . Using an old CBCT rarely produces a higher radiation exposure than a modern MSCT.
Mathews et al. showed that 'among 680 000 Australians exposed to a CT scan when aged 0-19 years, cancer incidence was increased by 24% (95% confidence interval 20 to 29%) compared with the incidence in over 10 million unexposed people. The proportional increase in risk was evident at short intervals after exposure and was greater for persons exposed at younger ages' (10) . In summary, radiation exposure cannot be neglected, especially when considering the young age of most orthodontic patients.
Using magnetic resonance imaging instead of ionizing radiation
Contrarily, magnetic resonance imaging (MRI) has no harmful effects based on the current knowledge. Tymofiyeva et al. (11) showed that the position and angulation of impacted teeth in all three spatial dimensions could be assessed via MRI. According to Detterbeck et al. (12) MRI has a big potential for orthodontic applications. Therefore, the purpose of this study was to estimate the feasibility and the accuracy of mesio-distal width measurements with MRI in comparison to conventional MSCT/CBCT imaging techniques.
Materials and methods

Scheme
Two pig skulls were measured with MSCT, CBCT, industrial µCT and MRI. The MRIs were performed with a fast and a standard time period. Every DICOM dataset was loaded into the Software VoXim ® 6.5 (IVS Technology GmbH, Chemnitz, Germany) and the mesio-distal tooth width of 14 teeth (8 erupted teeth and 6 germs) were measured. The measurements were made in 2D tomographic images and separately in 3D segmented images of every dataset. Three different raters were asked to determine the tooth width via a virtual ruler in VoXim ® (see Figure 1 ). All images were taken in a close cooperation with the Fraunhofer Institute for Integrated Circuits, Project Group NanoCT Systems and Application Centre for CT in Metrology (Würzburg, Fürth, Deggendorf, Germany) and the MRB Research Centre for MagneticResonance-Bavaria (Würzburg, Germany).
Study objects
Two sagittal bisected pig heads (sus scrofa domestica) were used in this study. The recently slaughtered pigs were approximately 6 months old and in their first mixed dentition period.
CBCT
All CBCT measurements were taken at the University of Erlangen Medical School, Erlangen, Germany with clinical standard conditions using the KaVo 3D Exam ® (KaVo, Biberach, Germany). The pig head was positioned analogously to an upright sitting patient between the sensor and source of radiation. The detector size was 200 × 250 mm 2 , the 360° rotation time was 8.5 seconds, with an effective exposure time of 4.0 seconds. The tube voltage was 120 kV and the tube current was 5 mA. During one rotation, 300 slices were made with an isotropic voxel size of 0.3 mm. The field of view was 170 × 230 mm 2 .
MSCT
The MSCT images were taken in the Department of Radiology, University of Erlangen Medical School, Erlangen, Germany with a 'Somatom ® Force' (Siemens, Erlangen, Germany). The tube voltage was 120 kV, a tube current of 350 mA and an exposure time of 1000 ms with a slice thickness of 0.6 mm. The bisected pig heads were placed analogously to a patient in the lateral right side position, aligned horizontally and fixed with sandbags.
µCT
The µCT images were taken at the Fraunhofer IIS (CTMT, Deggendorf, Germany). Pig head #1 was fixed horizontally, analogously to a patient in a lateral right side position, on a rotary table. The measurement was taken with the following parameters: tube current of 900 µA, tube voltage of 220 kV, exposure time of 2000 ms per X-ray projection with a total amount of 1000 pictures and a voxel size of 154 µm. The second pig head was aligned upright, perpendicular to the horizontal axis like a patient in supine position and fixed with adhesive tape. The measuring parameters for the scan of the entire head were: tube current of 750 µA, tube voltage of 210 kV, exposure time of 2000 ms/ X-ray projection with a total amount of 1000 pictures and a voxel size of 154 µm. In addition, we performed a region-of-interest scan (ROI) of the jaw area with the following parameters: tube current of 450 µA tube voltage of 210 kV and an exposure time of 666 ms/X-ray projection with a total amount of 1200 images. This resulted in a far better voxel resolution of 0.090 mm.
MRI
The MRI images were taken at the MRB Research Centre for Magnetic Resonance-Bavaria (Würzburg, Germany) with a clinical 3T Tomograph 'Magnetom ® Skyra' (Siemens). A multifunctional 16-channel array was used as a receiver coil consisting of two 8-channel arrays (Noras Variety, Hoechberg, Germany). The bisected pig head was positioned horizontally, analogously to a patient in the right side lateral position. One array was placed on the jaw area underneath the head, and the other was placed above the head. Finally, the head was fixed with sandbags to minimize motion artefacts. Each measurement was made twice with a turbo-spin-echo sequence-first with a turbofactor of 6 (TF6, 'MRI standard', measuring time of 25.15 minutes) and afterwards with a turbofactor of 18 (TF18, 'MRI fast', measuring time of 9.03 minutes). Further parameters were: time of repetition or repetition time/ echo time (TR/TE) = 1000/15, slice thickness of 0.3 mm, field of view (FOV) 180 × 180 × 28.8 mm 3 , matrix 384 × 307 × 96 and a resolution of 0.47 × 0.59 × 0.3 mm 3 . For better visibility of erupted teeth in the MRI a 1.5% Agar-Agar gel (Danish Agar-Agar, density 0.55) spiked with 0.5% Magnevist ® was poured into the oral cavity in the liquid phase. To prevent leakage of the fluid, the lips were sewn together with a single button suture with Vicryl USP 2-0. A cork was adapted between the two rows of teeth to maintain tension and prevent motion artefacts. After the MRI imaging process, the gel was washed out and the bisected heads were vacuum packed to simplify handling and minimize the environmental impact.
Processing of data
All raw data were reconstructed and saved in the DICOM format. Afterwards, the image data were imported into the VoXim ® 6.5 (IVS Technology GmbH, Chemnitz, Germany) on an Intel ® Core™ i5-2400 @ 3.10 GHz and 4 GB RAM. The 2D images were loaded into Voxim ® in its original state without any further treatment. In addition, all images were 3D segmented by an experienced user manually using a graphics tablet for exact orientation. The greyvalue threshold of each CT dataset was selected manually according to clinic standard procedures, while for the MRI-data no standards are available.
Teeth were specified according to the following nomenclature (cf. For example: 'DP1 UJ' is the first deciduous premolar tooth in the upper jaw, and 'GM2 LJ' is the second molar germ in the lower jaw.
Determination of the mesio-distal tooth width
Three raters were asked to determine the widest distance between the mesial and distal anatomical reference points on the largest circumference of the proximal surfaces in the sagittal 2D tomographic images and separately in 3D segmented images of every dataset (MSCT, CBCT, µCT, and MRI) using the virtual ruler in VoXim ® 6.5 (IVS Technology GmbH, Chemnitz, Germany). The raters were free to choose the 2D tomographic image where they thought the biggest mesiodistal tooth width is. In 3D segmented images each rater chose the anatomical reference points individually estimating the widest distance ( Figure 3 ).
Statistical analysis
As a result of considering two display variants (2D/3D), 14 teeth, three raters and five imaging systems, 420 measurements were obtained. This number was reduced to 414 measured values because six germ measurements did not meet the inclusion criteria for some raters. Statistical analysis was performed separately for 2D tomographic images and 3D segmented images.
The aim of the statistical analysis was to detect differences in the used imaging systems.
To evaluate these differences, linear mixed models of the form
g e were fitted to the data. For each of the 14 teeth, Y ijk denoted the measurement value of pig j, as measured by rater i with imaging system k. The terms a i i , , , = 1 2 3 were normally distributed random effects with a mean of zero that corresponded to rater-specific differences in measurements. Similarly, the effects b j j , , = 1 2 were normally distributed effects that corresponded to pig-specific differences in measurements. The terms
were fixed effects that quantified the effects of the five imaging systems MSCT, CBCT, µCT, 'MRI standard', and 'MRI fast'. The term e ijk denoted the residual error, which was assumed to follow a normal distribution with a mean of zero. For details, see Verbeke and Molenberghs (13) . To detect systematic differences between the five imaging systems, the differences between the fixed effects g k were compared by pairwise statistical hypothesis tests. Comparisons were performed using general linear hypothesis tests (14, 15) . P-values were adjusted for multiple comparisons using the R package multcomp (16) . Test results were considered significant if P values were ≤0.05. For each tooth and each of the five methods, the median of the measurements was calculated. Afterwards, the standard deviation of the five median values was calculated for each tooth. The tooth with the minimum standard deviation was defined as the tooth with the maximum similarity/agreement between the five methods ( Supplementary Figures 1 and 3) . Conversely, the tooth with the maximum standard deviation represented the tooth with the minimum similarity between the methods (Supplementary Figures  2 and 4) . Tables 1 and 2 show the pairwise estimated average differences between the procedures (column 'Diff.') and the associated P values (column 'P'). Significant results are highlighted in bold. The basis of the rating was the 2D tomographic images for Table 1 and the 3D  segmented images for Table 2 .
Results
Numerical results
Measurements in 2D tomographic slice images
Only 27 of 140 test points (19.3%) showed a significant difference (P ≤ 0.05). The biggest significant difference in the determination of the tooth width was 1.6 mm (P < 0.001), calculated by comparing MRI 'standard' and µCT imaging techniques for the tooth DM 3 LJ (Table 1 and Figure 5 ). Figure 4 shows the differences in measurement between imaging techniques using 2D representation. The values indicate differences between imaging techniques in mm (using the average of the three observers in each comparison). No shading means P > 0.05; yellow shading: 0.05 > P > 0.01; orange shading 0.01 > P ≥ 0.001 and red shading P < 0.001.
There was no significant difference in the measurement of the tooth germs, except for 'germ M2UJ' and 'germ M 2 LJ'. In both MRIs, 'germ M2UJ' was larger than the MSCT and CBCT: MRI 'fast' was larger than the MSCT (1.1 mm, P < 0.001) and CBCT (0.8 mm, P = 0.003). MRI 'standard' was also larger than MSCT (1.0 mm, P < 0.001) and CBCT (0.8, P = 0.006). In the lower jaw, the number of significant differences was higher for 'germ M2 LJ'. Here, MSCT was larger in contrast to the upper jaw than MRI 'fast' (0.8 mm) with P < 0.001. Additionally, MSCT was larger (1.0 mm) than MRI 'standard' (P < 0.001). CBCT was also larger than MRI 'fast' (1.0 mm, P < 0.001) and larger than MRI 'standard' (1.2 mm). The same was true with µCT-with a P-value less than 0.001, MRI 'fast' was measured 1.0 mm smaller than µCT and 1.2 mm smaller than MRI 'standard'. There were significant differences at the 'DM1 UJ' as well-MRI 'standard' was measured larger than MSCT (0.9 mm, P < 0.001) and CBCT (0.6 mm, P = 0.012), larger than MRI 'fast' 1.4 mm, P < 0.001) and larger than µCT (1.0 mm, P < 0.001). MRI 'fast' was measured significantly smaller than CBCT (0.8 mm, P < 0.001). At 'DP1 UJ', MRI 'fast' was measured significantly smaller than MSCT (1.2 mm) and also smaller than CBCT (0.8 mm) with P < 0.001. MSCT was larger than µCT (0.6 mm, P = 0.028) and larger than MRI 'standard' (0.7 mm, P = 0.013). At the third deciduous molar of the upper jaw, the MRI 'standard' was measured larger than MRI 'fast' (1.2 mm, P = 0.021). At the 'DM 3' of the lower jaw, MSCT was measured 0.9 mm larger (P < 0.001) than the µCT but also 0.8 mm smaller than MRI 'standard' (P = 0.002); additionally, CBCT was measured 1.1 mm larger than µCT with P < 0.001. MRI 'standard' was measured 1.6 mm larger than µCT with P < 0.001. MRI 'fast' was also measured 1.0 mm larger than µCT with P < 0.001, but 0.7 mm smaller than MRI 'standard'.
Measurements in 3D segmented images
In the 3D segmented images, the number of test points with significant differences (P ≤ 0.05) in the measurements dropped to only 17 out of 140, representing 12.1%. The highest significant deviation was measured in conjunction with the tooth 'M1 LJ': using the MRI 'fast' dataset, the tooth width was 1.1 mm smaller (P < 0.001) than using the MSCT dataset (Table 2 and Figure 7) . Figure 6 shows the differences in measurement between imaging techniques using 3D representation. The values indicate differences between imaging techniques in mm (using the average of the three observers in each comparison). No shading means P > 0.05; yellow shading: 0.05 > P > 0.01; orange shading 0.01 > P > 0.001 and red shading P < 0.001.
There was a significant difference in measurements of teeth in the upper jaw (DM3UJ) and in the lower jaw in only three teeth: The first molar, the second deciduous molar and germ M 2 LJ. In M1, all MRIs were smaller than MSCT and CBCT and µCT. Thus, MRI 'fast' was measured 1.1 mm smaller than MSCT (P < 0.001), 1.0 mm smaller than CBCT (P < 0.001) and 0.7 mm smaller than µCT (P = 0.025). MRI 'standard' was measured 1.1 mm smaller than MSCT and 1.0 mm smaller than CBCT, also with P < 0.001, and 0.6 mm smaller than µCT (P = 0.031). The second deciduous molar of the lower jaw showed differences in the measurement between MRI 'standard' and CBCT; MRI 'standard' was measured 0.6 mm larger than CBCT (P < 0.001) and larger than MRI 'fast' (0.7 mm, P < 0.001). CBCT was measured 0.4 mm smaller than µCT (P = 0.004) and 0.3 mm smaller than MSCT (P = 0.019). MRI 'fast' was measured 0.5 mm smaller than µCT with P < 0.001 and 0.4 mm Table 1 . Pairwise estimated average differences between the procedures (column 'Diff.') and the associated P values (column 'P'). MSCT, multi-slice CT; CBCT cone-beam CT; MRI, magnetic resonance imaging. P value of 0 means P < 0.001. Table 2 . Pairwise estimated average differences between the procedures (column 'Diff.') and the associated P values (column 'P'). MSCT, multi-slice CT; CBCT cone-beam CT; MRI, magnetic resonance imaging. P value of 0 means P < 0.001. smaller than MSCT (P = 0.001). The 'germ M2 LJ' also showed significant differences in measurement. The µCT was measured smaller than MSCT (0.9 mm, P = 0.001), smaller than CBCT (0.8 mm, P = 0.004) and smaller than MRI 'fast' (0.8 mm, P = 0.005). MRI 'standard' was measured 0.7 mm smaller than MSCT with a P-value of 0.019.
Discussion
Due to the importance of measuring the mesio-distal width of impacted teeth and the considerable radiation exposure of conventional 3D imaging systems (CBCT, MSCT and µCT), we compared measurements made with CBCT, MSCT, and µCT to non-ionizing MRI. An industrial µCT-scan by the Fraunhofer Development Centre X-ray Technology EZRT was included to set a reference for the best image quality possible. Performing the study on living patients was out of the question because of the high levels of radiation exposure. Thus, heads of pigs (sus scrofa domestica) were used. Pigs are similar to humans in terms of the development of the dentition, the function and mineralization of the teeth, the anatomical and physical properties of the skin, and the ossification of the bone (17) . Thus, these results should be applicable to humans.
Every imaging technique yielded good-quality 2D tomographic images and 3D segmented images (cf. Figure 8) .
Based on the results of this study, only 19.3% of all test points of every imaging technique showed a significant difference (P ≤ 0.05). If the determination of the tooth width was performed on a 3D segmented dataset, the choice of imaging technique differed in fewer cases (12.1%) significantly. The range of the significant differences was from 0.3 mm to 1.6 mm. Because of the many different imaging methods and the repositioning of the heads in the different devices, the orientation of the layers could have differed in each dataset. This could be the reason why the measurements in the 3D segmentations were more accurate. In our opinion, the deviations of almost all measurements were not clinically relevant, especially if the width of germs were required to be determined. A difference between the techniques over 1 mm might affect orthodontic analysis, but differences in this scale were very rare in our results. 'MRI fast' seemed to produce the highest overall deviations of all measurements, probably due to the lower resolution of the final datasets. 'MRI standard' showed mostly comparable results to the conventional ionizing 3D imaging techniques.
Note that the overall quality for the two industrial µCT scans (horizontal and vertical placement of pig #1 and #2 respectively) varied, likely because of the different orientation of the two pig heads. Especially the signal-to-noise ratio was affected by the longer attenuation paths for the horizontal positioning resulting in a worse imaging result and in a visibly worse rating of measurement of pig #1. In addition, different tube current and voltage influenced the grey scale.
From this point of view the individual selection of the greyvalue thresholds, which yield the 3D isosurface renderings from which the measurements were taken, plays a critical role in the interpretation of our results. The reasons for which this threshold might differ from one measurement to the other are numerous: First of all, unlike MSCT and CBCT, neither MRI nor industrial µCT images are recorded in Hounsfield units, which is why their thresholds have to be selected individually for each measurement. Furthermore, the range of greyvalues which exist over the tooth-bone/tissue junction depends on the image sharpness, on the signal-noise ratio (SNR) and on the true physical density variations which occur over the junction and are thus recorded by the techniques. It seemed best to allow one trained expert to choose thresholds for all datasets thus minimizing the anatomical variations of the outcoming 3D renderings while keeping in mind that re-adjusting the thresholds or using an automated selection would yield differences in the order of a few percent at most.
In this line of reasoning Supplementary Figure 5 showed that the tooth anatomy extracted from 'MRI standard' is shrinked with respect to MSCT isotropically while the overall lengthscales match. Consequently the size of individual teeth are judged smaller than in MSCT while e.g. distances between teeth are judged identically. The average difference between the two isosurfaces may serve as estimate for the errors which are made by manually setting the thresholds of the MRI and µCT scans.
A limitation of this study might be the time period used in the MR images-TF6 with 25:15 minutes and TF18 with 9:03 minutes. Thus movement of the patient might influence the results, especially in imaging of children who generally find it difficult to keep still. However, the 'Field of View' in this study was 180 × 180 × 180 mm 3 and included all rated teeth. Keeping in mind that the setting of the 'region of interest' (ROI) plays an important role in the MRI technique, it is likely that the quality of the scans and of the reconstruction can be improved and that the time of the examination can be reduced by choosing a smaller ROI [cf. 4-5 minutes in Tymofiyeva et al. (11) ]. Dislocation often affects just one single tooth or two teeth, most frequently upper canines (18) (19) (20) , and a smaller and therefore faster ROI can likely be chosen. In these dislocated teeth, we expect a good image quality using MRI, comparable to the results of the germ measurements in this study. The results could be further improved by using a special intraoral receiver coil, which would result in a better MR signal in a shorter time.
Another point of criticism is the usage of only two pig heads. But owed to the many imaging procedures and teeth 420 measurements were obtained. The already time-consuming rating process would have been far more complicated to realize with more heads, also considering the streamlined cost structure of this study.
The accessibility of the imaging methods differs. A CBCT is more common as a MSCT machine and MRI machines are even rarer-at least in dental offices. But the distribution of machines should not be the reason why we should prefer a technique over another one. Maybe we should rethink our attitude that every dental imaging has to take place in the dental office. In human medicine it is a matter of course that the patient is sent to an independent radiology practice for imaging.
Other aspects are economical considerations. Despite the high cost of a MRI scanner and the varying prices for CBCT, MRI, or MSCT images, a MRI examination for orthodontic purposes can often be achieved at a similar cost as conventional CBCT examinations (11) . If the patient referrals to radiology is too hard to implement for many reasons, one future direction might be the development of a low-cost dental MRI device, comparable to the evolution of MSCT to CBCT, which is available in many dental offices today.
Clinical conclusions
Within the limitations of this study, measuring the mesio-distal tooth width by MRI showed clinically equivalent results to conventional ionizing 3D imaging techniques. The differences in determining the tooth width via 2D tomographic slice images or via 3D segmentation images were marginal, but measurements in the 3D dataset tended to be more accurate.
The determination of the position of the tooth and the tooth width, especially in impacted teeth, is possible using MRI data. No harmful effects of an MRI examination on adolescent orthodontic patients are known, and further studies are needed to increase the knowledge base of 3D imaging without ionizing radiation.
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